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SUMMARY

A previous anglysis of turbulent flow and heat transfer in smooth
tubes with veriable fluld properties was modified in order to be appli-
cable to air which has a Prandtl number slightly less than unity'(0.73).
In order to verlfy the analysis, tests were conducted to determine
local heat-transfer coefficients and friction factors for fully developed
turbulent flow of air in a smooth electrically heated tube having an
inside diameter of 0.87 inch and a length of 87 inches. The tests were
conducted at high ratios of well to fluid bhulk temperature. Velocity
and temperature profiles were measured for some conditions.

The analytically predicted results were found to agree closely with
the experimental. Both the analytical and experimental results indi-
cated that the effects of ratio of wall to bulk temperature on the
Nusselt number correlation can be eliminated by evaluating the fluid
properties, including density, in the Reynolds and Nusselt numbers at
a temperature close to the average of the wall and bulk temperstures.

In order for this correlation to apply it is necessary to assume con-
stant Prandtl number and constant specific heat in calculating both the
experimental and analytical results.

The effects of varlation of shear stress and heat transfer across -
the tube on the velocity and temperature distributions were analytically
investigated and found to be small for turbulent flow with variable
fluld properties. The effects of molecular shear stress and heat trans-
fer in the region at a distance from the wall were also investigated
and found to be small. .

" INTRODUCTTON

In an experimental invesﬁigation of average heat transfer and
friction coefficients for air flowing in smooth tubes (reference 1), it
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2 NACA TN 2629

was found that the ratio of wall to fluid bulk temperature has an appre-
ciable effect on the heat-transfer and friction correlations. A theo-

retical analysis given in reference 2 indicates a similar effect for local

coefficients. TFor verification of the analysis given in reference 2, it
is desirsble to obtaln local rather than average heat-transfer coeffi-
cients and friction factors and measurements of radiasl velocity and tem-
perature distributions for large heat-transfer rates. Local rather than
average coefficients are desirable because average coefficilents include
possible effects of flow development near the tube entrance and of heat
loss at the ends of the tube.

In the investigation reported herein, which was conducted at the
NACA Lewis laboratory, local heat-transfer coefficients and friction
Pactors at high ratios of wall to bulk temperature were measured at a
point in a tube vhere the flow was fully developed. Velocity and tem-
perature distributions were also measured for some conditions. The
analysis for flow and heat transfer with variable filuid properties given
in reference 2 is modified for application to air, which hes a Prandtl
number slightly less than 1, and the analytically predicted results are
compared with the data.

ANATLYSIS FOR PRANDTI. NUMBERS DIFFERING SLIGHTLY FROM ONE

The enalysis given in reference 2 is for a fluld with a Prandtl
number of 1. TInasmuch as air has a Prandtl number of about 0.73, the
analysis is modified in this section in order to make a comparison
between analytical and experimental results.

For obtaining tﬁe velocities and temperatures in the tube as func-
tions of distence from the wall, the differential equetions for shear
stress and heat transfer are often written in the following form:

_ . du du
T s I + péE Fr (l)
dat at
= -k = - =2

(The symbols used in this report are defined in appendix A.)

The second equation can be rewritten as

N 2
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In the preceding equations, € and &, are the coefficign‘bs of eddy dif-
fusivity for momentum and heat transfer, respectively, the values for
which are dependent on the amount and kind of turbulent mixing at a
point.

Assumptions. - The following assumptions are made in the use of
equations {1) and (2} for obtaining velocity and temperature distri-
butions with heat transfer:

(1) The eddy diffusivities for momentum and heat trensfer e and
€, are equal. Previous analyses for flow in tubes based on this assump-
tion yielded heat-transfer coefficients and friction factors thet agree
with experiment.

{

(2) The expressions for eddy diffusivity that are found in refer-
ence 3 to apply to flow without heat transfer apply also to flow with
heat transfer with varigble fluid properties. These expressions are

& = nuy (3}

for flow close to the wall (y+< 26) and the Ka’zmén relation
3

93)

xz dy

dyz

for flow at a distance from the wall (y+>26), wvhere n sand K are
experimental constents haying the values 0.109 and 0.36, respectively..

E =

(3) The variations across the tube of the shear stress =T and the
heat transfer per unit area q have a negligible effect on the velocity
and temperature distributions. The effect of these variations will be
investigated in eppendix B and in the section "Predicted Effect of Var-
igtion of Shear Stress and Heat Transfer Across Tube.

(4) The molecular shear stress and heat-transfer terms in equa-
tions (1) and (2) can be neglected in the region at a distance from the
wall. The effect of these terms will be investigated in appendix C and
in the section "Predicted Effect of Molecular Shear Stress and Heat
Trensfer in Region at a Distance fram Well."

(5) The static pressure can be considered constant across the tube.

(8) The Prandtl number and specific heat can be considered constant
with temperature variation. The variations with temperature of the spe-
cific heat and the Prandtl number of gases are of a lower,order of mag-
nitude then the variations of viscosity, thermal conductivity, and
density.
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Flow close to wall.. - For obtaining the veloclity and temperature
distributions close to a smooth wall, the expression for & from equa-
tion (3) is substituted into equations (1) and (2) to give

2 du
TA = + —_—
o = (w+nuy) dy

and

R

vhere & and &y have been assumed equel (assumption (1)) and <t and
q have been replaced by T, and q, (assumption (3)). With substitu-

tion of the dimensionless quantities ut, y¥, and B these equations
beconme

S (g2 )&
e (uo " o0 n~u+y+) ay* <)
and .
_ v/ e\ &8 t)
b= (Pr o0 zu ) Tayt (6)

From viscosity data it is found that p./po can be represented approxi-
mately by (t/to) ; and from the assumption of constant static pressure

(assumption (5)) end the perfect gas law, p/p, can be replaced by tp/t.

From the definitions of B and t+
t_ +
" 1- Bt (7)

Equations (5) and (6) then become

— —tH)d 4 +| du
1= I:(l ptt) ——Bt+) n@uty :ldr | (8)
and
+yd +
o[ L ]2 ®
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Equetions (8) and (9) can be written in integral form as

t
+
ut = dy > (10)
o+
o (1-stN)¢ + =2
1-Bt :
and.
+
+
£t = g? > (11)
(1-pt™) n“utyt
+
0 Pr l_Bt"T

Equetions (10) and (11] can be solved simultaneously by iteration,

that is, assumed values for u', y+, and tt are substituted into the
right sides of the equations and new values of ut and +% are calcu-
lated by numerical integration. These new values are then substituted
into the right sides of the equations and the process is repeated until
the values of ut and tt corresponding to each value of y"' do not
change appreciebly. Equations (10) eand (11) glve the relations between
u"', t"', and yt for various values of the heat-transfer parameter B
for flow close to a wall. .

Flow at a distance from wall. - By making use of assumptions (l),
(2), (3), (4), end (6), equations (1) and (2) can be written in dimen-
slonless form for flow at a distance from the wall as

/34D +
1 -0 2 _(au/ay')” au

(12)

and

3
o .2 _(au'/ay*)” agt

TR (@ ay A

(13)

Dividing equation (12) by equation (13) and integrating result in
t+ ut -
\J\ at* =L[\ au’t
+ ~ +
t uy
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or

tt - g3t = ut - gt (14)

'

where tl+ and ul'" are the values of t% and u' at yl"', which is
the lowest value of yb¥ for which equstions (12) and (13} apply. Then

t + +
g =1 (v +5,7)B (15)
or, from assumption (5) end the perfect gas law,

P 1 (16)
PO 1 - (ut-u et

On substituting equation (16} in equation (12) there results

2 (aut/ay*) 4
(aBut/ay*®)* o

1- (u+—ul++tl+)5 =%

One integration of equation (17) gives

% Jl - B(u+-ul++tl+)
ClB——=-e (18)

where the negstive sign was selected in taking the square root in order
to make % 7positive. Integration of equation (18) gives

0162 -% 1- B(u+-u]_++‘b]_+) 2

+ _ ) oK _ +_ + +

y o= zxze [B\liﬂ(u up 4t1) + 1]+ C
(19)

As the wall is approached, the velocity gradient becomes very large com-
pared with that et a distance from the wall so that dyt/aut approaches

zZero as y"' approaches zero. If dy’*’/du"' is subgtituted from equa-
tion (18) into equation (19) and dy*/dut is set equal to zero when yt
and u' equal zero, C equals zero. To determine C;, set ut =,u1+
wvhen y+ = y3*. Then ‘ )

02¢2
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2

2%

-5 1-ptyt A
2 .4
;B e (-B_'\’l- Btl+ + :9

+ B \/l Bu Lt )[-2—)—( 1= B(u+‘u]_++tl+) + ]:’
- (20)

2% +
- All- 8ty
B N
° (‘5\15‘5’“1”3)

Equation (20) gives the relation between u' and y+ for various values
of B for flow far from the wall. The parameter tt and thus the tem-
Perature distribution can be calculated from equation (14). For a
Prandtl number -of 1, tl+ = u1+; and equation (20) reduces to the equation
for a Prandtl number of 1 given in reference 2. TFor B =0 equa-

tion (20) is indeterminate. For this case B is set equal to zero in
equation (17) before integrating, and the well-known logarithmic equa-
tion is obtained:

[

+

u loge y* +C

X

Nusselt number, Reynolds number, and friction factor. - It can
easlly be shown from the definitions of the quantities imvolved (see
reference 2) that the Nusselt number, Reynolds number, and friction fac-
tor with the fluid properties evaluated at the wall temperature are
given by ’

o = 2r0+Pr (21)
LY
Reo = Zub+ro+ (22)
£o = _i? (23)
up .

waere
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I,
.t+u+( ro+_ +)

= 0 1-pt* ay*

+

(24)

u+(ro+_ +) dy*
0 1-ptt

and

2
W' =~z u(ro -y )ay" (25)
) ) .

The relations between u*, y+, and tT are calculated from the equa-
tions given in the two preceding sections.

The Nusselt number, Reynolds number, and friction factor with the
fluid properties evalusted at some temperature in the fluid other than
the wall temperature can be found by using the following equation for

b/t

+
0
wHr +-y+)dy+
% _Jo ©
%_odo (26)
0 0
u+(ro+-y+) +
0 1-ptt

!

Both the thermal-conductivity ratio and the viscosity ratio are equal
to the temperature ratio raised to the exponent d Inasmuch as the
specific heat and Prandtl number are assumed constant (assumption (6)).

Although the preceding anslysis was carried out for the case where
the compressibility effects due to high velocities can be neglected, it
is shown in reference 2 that the same correlstions epply, in general,
to flow &t high subsonic velocities. For the latter case (except for
very small tempersature differences) it is necessary only to replace the
static bulk temperature by the totel bulk temperature in the definition
of the heat-transfer coefficient h.

02¢2
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APPARATUS

A schematic diagram of the test sectlon and assoclated equipment is
shown in figure 1. Compressed sir first passes through a filter and then
into an alumina-type air dryer. From the dryer the eir flows through
one of four orifices selected remotely by orifice selection valves and
then through valves which automatically control the flow rate. From
the control velves the air flows into a surge tank, then to the inlet
wixing tank, through the test section, and into the outlet mixing tank
from vhich it is discharged to the atmosphere through a pressure regulab-
ing valve. '

Electric power is supplied to the heater tube from a 208-volt 60-cycle
supply through an autotransformer and a step-down transformer with
mximum secondary voltages of either 15 or 25 volts. The low-voltage
leads of the step-down bransformer are connected to the flanges on the
ends of the test section by copper bus bars. The cgpacity of the elec-
tric equipment is 100 kilovolt-amperes. Additional heat to compensate
for end lossges 1s supplied to each end of the heater tube where guard
heater coils of nichrome wire are wrapped around the cone-shaped heater-
tube flanges. Individual control of the 110-volt 60-cycle supply to each
end of the tube is obtained by varisble transformer with capacities of
1 kilovolt-aumpere.

Test Section

The test section, shown in detail in figure 2, is a commercially -
smooth Inconel tube having an inside diameter of 0.87 inch and an out-
side diesmeter of 1.25 inches with a sharp right-angle entrance. Steel
flanges with cone-shaped centers welded to the tube at each end provide
electrical contact with the transformer leads from the power supply.

The tube, which is thermally insulated by a 5-inch thickness of high
tempersture quartz wool, acts as a heating element with an effectlve
heat-transfer length of 87 inches. Static pressures are measured
through 0.03-inch holes drilled 1n the tube at the positlions shown in
figure 2. Outside tube-wall temperstures are measured by chromel-slumel
thermocouples (two thermocouples located 180° apart at each of 21 sta-
tions and one near each end of the tube) and a self-balancing indicating-
type potentiometer. Alr total temperatures are measured by thermocouples
located in the central passages of the inlet and outlet mixing tanks

of the test section as shown in figure 1. The inlet mixing tank consists
of two concentric passages so arranged that the alr makes two passes
through the tank before entering the test section, while the outlet
mixing tank is comprised of four concentri¢ tanks. The passage of the
gir through the central chamber and concentric passages prevents radia-
tion errors in the temperature measurements. Baffles are provided in
the central passages to insure thorough mixing of the alr before its
temperature 1s measured. '
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Total~Pressure MEésurements

An opening for taking total-pressure measurements across the tube
is located 6 inches from the exit of the tube as shown in figure 2. A
hole having a 0.15-inch diameter through which a total-pressure probe
enters the tube was drilled in the tube wall at right angles to the
static-pressure taps. A probe actuator to move the probe and measure
its distance into the tube was fitted to a 6-inch length of tubing at
the opening. The location of the total-pressure probe with respect to
the opening is shown in figure 2(b). The probe tip has a flat opening
with a height of 0.004 inch and s 0.002~inch well and is made so that
the tip just clears the edge of the 0.15-inch hole in the test section.
The total projected area of the probe in the direction of flow with the

tip at the center of the tube is about l% percent of the area of the

tube, but the effective blocking area at the tip 1s considersbly less
because the main portion of the probe 1s downstream of the tip.

Total-Temperature Measurements

The same opening in the tube used for teking total-pressure measure-
ments is used for taking total-temperature measurements. Figure Z(C)
shows the location of the total-temperature probe with respect to the
opening in the tube. One of the two prongs of the probe is made of
chromel while the other is made of alumel. The thermocouple of the probe
consists of 0.00l-inch chromel and alumel wire butt-welded between the
prongs which were 0.07-inch gpart. Temperatures as measured by the
probe were read on a self-balancing indicating-type potentiometer.

METHODS
Test Procedure -

Preliminary runs with no alr flow were first made to determine both
hegt loss through the test-section insulation and required power settings
for the end heaters. The tube was heated to various temperatures by
adjusting the electrical power input to the tube, and the power settings
for the end heaters were adjusted to give a uniform wall temperature for
each run.

For each test run the flow control was adjusted to give the desired
flow rate and the electric-power control for the tube was set to give
the desired tube-wall temperature. The power settings to be used for
the end heaters at each temperature were determined from the preliminary
runs. For the runs made the tube-wall tempersture near the exit varied
between 300° and 1500° F, and the Reynolds number with fluld properties
based on the bulk temperature varied between 8000 and 500,000. The max-
imum Mach number was about 0.6.

ozez



Z3R0

NACA TN 2629 11

The following quantities were measured for each run: air flow,
static pressures at the wall, outside tube-wall temperatures, inlet and
outlet total bulk-eir temperature, and electrical-power input to the
tube. Total-pressure and temperature surveys at a section 6 inches
from the exit of the tube where the flow was practically fully developed
were taken during some of the tests. Measurements were taken at points
between the wall in which the probe opening was located and the center
of the tube. Measurements made near the opposite wall were inaccurate
because of disturbance due to the probe. Total-pressure surveys were
taken for tube-wall temperatures up to 1500° ¥, whereas total-temperature
surveys were made only at low wall temperatures (300° F) because of the
delicacy of the tempersture probe.

Reduction of Experimental Data

Tocal heat~transfer rate. - The local heat-transfer rate per unit
aregs, from the tube to the alr at a cross-section of the tube was calcu-

leted from
JA\:| Gloc' Lloc
9 = g ><G L ) (27)
e

ave av ave

where the change of enthalpy AH was obtalned from the bulk total tem-~
peratures of the alr gt the inlet and outlet of the tube. The heat gen-
eration per square foot of tube area, G was obtained by measurement of
electric current and tube reslstance and the heat loss 1, was deter-
mined by heating the tube to various temperatures with no air flowing. -
The quantities G, L, and S are all functions of tube temperature; the
subscript loc means that the quantities were determined at the local
tube temperature, whereas the subscript ave means that they were
determined at the average tube temperature. The quantity in the first
parenthesis is the average heat transfer per unit area; the quantity

in the second parenthesis is a correction factor for local heat transfer.

The local heat-transfer rate q, was determined from equation (27)
rather than from Gloc"Lloc because the messurements of inlet and out-

let air temperature were, in general, more accurate than those of tube
resistance and heat loss. The use of this equation also reduces errors
due to possible nonequilibrium conditions. The quantity in the second
parenthesis in the equation did not vary greatly from 1 for most of the
tests.

Inside tube-wall and local bulk temperatures. - The inside tube-wall
temperature t; was obtained from the measured outside tube-wall tem-

perature t5 by the following equation derived in reference 4:

e e e i Ao A A e e e St A T A T e e s ey
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. 2 *
95%0 Ta <ra.) ]:'
ty = ty - log \=—} -3 (28)
(0] a8
Kt raz—roz € rO 2 ’

In equation (28) the agsumptions are made that heat is generated uniformly
across the tube wall thickness and that the heat flow at every point in
the tube is radially inward. For the present tests the radiel tempera-
ture drop through the tube wall was very small compared with the differ-
ence between the ingide wall and the alr bulk temperature.

The local total bulk-alr temperature at a point was obtalned by
subtracting from the measured bulk temperature at the tube exit the tem-
perature change produced by the heat added to the alr in the portion of
the tube between the exlit and the polnt in question..

Physical properties of air. - In order to compare the experimental
results with the analysis given in reference 2, the viscosity and ther-
mal conductivity were both assumed to be proportional to £0.68,  mhe
specific heat and Prandtl number were assumed not to vary with tempera-
‘ture. Substantially different results would be obtained if a different
variation of thermal conductivity with temperature were used. A conduc-
tivity proportional to t0.85 is sometimes given in the literature, but
the actual varigtion of conductivity with temperature has not been exper-
imentally determined at high temperstures.

Shear stress. - The shear stress at the wall for fully developed flow
is related to the friction-pressure gradient by the equation

To = - ]z)(%%)fr ’ (29)

The friction-pressure gradients were obtained by subtracting cal-
culated momentum-pressure gradients from the measured stebic-pressure
gredients along the tube; the momentum-pressure gradients were calcu-
lated from

(d_p) = _3.2__ iﬁ ' (30)
X/ mom pbz Azgz dx
Equation (30) is exact only vhen the velocity profile is uniform; the
effect of nonuniform velocity profile on calculated shear stress was

checked for turbulent flow and was found to be negligible for the pres-
ent tests. In equation (30) Pp Vas found. from the perfect gas law

D = pL &Rty , (31)
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and dpb/dx was obtained by differentiation of the perfect gas law to
be

T g @)

In this equation %, was found from the following relation obtained from
the equations of energy, continuity, and state:

-1 +A1L +2 ——— =

.22
J C_A
g D P

w2 R?
2
&J cpAzp

This equation can be more convenlently used for calculation purposes if
the radical is expanded in & binominal series. The quantity dtb/dx .va.s

obtained by differentiating the expanded equation for tb with respect
to x:

ty = (55)

am
. b 2 dp
Uy _Tp v R PToge - To gy,
dx ax chpAz p°
dT
2 2 b 3 dp
5 - (34)
2 2 5 e
g3 cph P \
where
7D
222 = wc:O (55)

The static-pressure gradients in equations (32) and (34) were graphically
determined by plotting pressure sgainst distance along the tube and
drawing a tangent to the curve at the point in question.

Velocity distributions. - For low air flow rates, incompressible
flow theory was used; the velocities were calculated from the equation

T B T e e
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2

pof

where p was found from the perfect gas law p = pgRt and t was taken
equal to the total temperature. In this and in all of the succeeding cal-
culations, the static pressure was assumed to be uniform across the tube.

Oz¢z

For Mach numbers grester than 0.2, velocities were calculated from

the relation
( git)‘r—l
P Y¥-1 u
— =\l + 37
P Y 2 ( )

where -1

For both low and high Mach numbers the total temperature in the
equations was obtained from the theoretlcal curves in figure 5. (Fig. 3
is applied to compressible flow by replacing t+t by 7+, This procedure
is legitimate for Prandtl numbers close to 1.)

RESULTS AND DISCUSSION
Predicted Temperature and Velocity Distributions
(Prandtl Number = 0.73)

Temperature and velocity distributions for a Prandtl number of 0.73
as calculated from equations (10), (11), (20), and (14) are plotted in
figures 3 and 4. The values for the constants (n = 0.109 and X = 0.36),
which are found in reference 3 from the experimental data for flow with-
out heat transfer, are used for plotting the equations. In reference 3
it is found that the equation derived for flow close to a wall without
heat transfer agrees closely with the data for y¥ less than 26 and that :
the equation for flow at a distance from a wall without heat transfer
fits the data for y' greater than 26. For plotting the present equa-
tions for flow with heat addition to the gas, the same limits of applic-
ability for the equations for flow close to a wall and at a distance
from a wall are used. It can be seen from the figures that the exact .
point of intersection of the curves representing the two equations is
not critical, especially for high velues of B, inasmuch as the slopes
of the two curves at their intersection do not differ greatly. -
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The exponent d 1in the equations was found from viscosity data for
air to have an average value of 0.68 for temperatures between 0° and
2000° F. Although this value was obtained specifically for air, the
values of 4 for most common gases do not vary greatly from this value,
so that the curves plotted should be applicable to most gases with
Prandtl numbers close to 0.73. ’

The plots of the equations in figures 3 and 4 indicate that tt
and u' are not equal as was the case for a Prandtl number of 1 (ref-
erence 2). Both profiles, however, show trends with increasing values
of the heat-transfer parameter B which are similar to those found in

reference 2 for a Prandtl number of 1.

Nusselt Numbers

In figures 5, 6, and 7, experimental and predicted Nusselt numbers
for alr (Pr = 0.73) are plotted against Reynolds numbers for various
values of the heat-transfer parameter §. The experimental Nusselt
nunbers and Reynolds numbers were obtained at & point 6 inches from the
exit of the tube where the flow was practically fully developed and
were celculated from the definitions of Reynolds number, Nusselt number,
and heat-transfer coefficient based on total-temperature difference, as
given in the 1list of symbols. The predicted Nusselt and Reynolds num-
bers were obtained from the equations given in the analysis for Prandtl
numbers differing slightly from 1 and from the plots in figures 3 and 4.

In figure 5 the physical properties, including density, In the
Reynolds number and Nusselt number are evaluated at the static bulk
temperature. Both the experimental and predicted Nusselt numbers at
a glven Reynolds number show a decrease with increasing values of B
or of ratio of wall to bulk temperature. In figure 6 the physical prop-
erties, Including density, in the Reynolds and Nusselt numbers are eval-
uated at the wall temperature. For this case, both the experimental and
predicted Nusselt numbers at a given Reynolds number increase with
increasing B. In figure 7 the properties in the Reynolds and Nusselt
numbers are evaluated at t0.4, which is slightly closer to the bulk
temperature than the average of the wall and bulk temperatures. It is
observed that the effect of B or of ratio of wall to bulk temperature
on both the experimental and predicted Nusselt numbers is practically
eliminated when the properties are evaluated at this tempersature. The
data follow the predicted line very closely for Reynolds numbers above
15,000. For low Reynolds numbers the separstion of the data from the
predicted line is probably caused by a partial transition from turbulent
to laminar heat transfer, which was not considered in the analysis. The
same trend at low Reynolds numbers was also observed in the data given
in reference 1. It 1s seen that the transition region extends to higher
Reynolds numbers for heat transfer than for frictilon.
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Tt should be emphesized that in order for the foregoing correlation
to hold, the same assumptions for the variation of physical properties
with temperature must be made for calculating the experimental results
as were mede in the analysis: constant specific heat and both thermal
conductivity and viscosity proportional to t0'68. If the conductivity
hed been assumed proportional to t0-85 as sometimes given in the 1it-
erature, the effects of ratio of wall to bulk temperature on the Nusselt
number correlation would have been eliminated by evaluating the fluld
properties at a temperature close to the wall temperature. The actual
variation of the thermal conductivity of air with temperature has not
been experimentally determined at high temperatures. In reference 1
it is found that the best correlation of average heat-transfer coeffi-
cients for both heating and cooling was obtained by assuming the thermal
conductivity proportional to tO.S and evaluating the properties,
including density, in the Reynolds and Nusselt numbers at the average of
the wall and bulk temperatures. If a constant rather than a variable
specific heat had been used in reference 1, 1t would have been necessary
to use a conductivity proportional to +0-6 in order to eliminate the
effect of ratio of wall to bulk temperature. The data for average heat-
transfer coefficients given in reference 1 are therefore in substantial
agreement with the present data and analysis for local heat-transfer
coefficients. TFor the range of ratios of wall to bulk temperatures used
in the present tests, as good a correlation coild be obtained by evalu-
ating the properties at the average of the wall and bulk temperatures
as by evaluating them at to.4-

Although extensive data were not obtained in the low Reynolds num-
ber range at high ratios of wall to bulk temperature, the data teken
indicate that in this range the effects of B are more nearly elimi-
nated by evaluating the properties at the bulk temperature than at
to_4. This is in agreement with the analysis gliven in reference 5,
where 1t is shown that for laminar flow the properties should be eval-
vated at a temperature between the bulk temperature and the temperature
at the center of the tube. It would be expected that in the transition
region the properties should be evaluated at temperstures between this
temperature and tO. 4-

Friction Factors

In figure 8, experimental and predicted friction factors for air
are plotted against Reynolds numbers for various values of the heat-
transfer parameter B. The physical properties, including density,
in the friction factors and Reynolds numbers in the figure are evalu-
ated at t, ,. The experimental friction factors and Reynolds numbers
were obtained at a point 6 inches from the exit of the tube and were
calculated from the definitions of friction factor and Reynolds number
given in the list of symbols.

oren
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The plot of predicted friction factors given in figure 8 indicates
that the effects of B or of ratio of wall to bulk temperature are
nearly eliminated by eveluating the properties at tg.4- The data at

high Reynolds numbers also indicate that the effects of ratio of wall

to bulk temperature are eliminated by evaluating the properties at that
temperature. The data agree closely with the predicted line in the
high Reynolds number range. At lower Reynolds numbers the agreement is
not as good, although it may be within the experimental accuracy. Meas-
urements of friction factors are, in general, much less accurate than
those “of heat-transfer coefficients because of difficulties in measuring
statlc-pressure gradients. In reference 1 it is found that some of the
data for average friction factors st low Reynolds numbers lie both below
and above the predicted line in figure 8, when the fluid properties are
evalugted at the average of the wall and bulk temperatures.

Velocity Distributions

Experimental and predicted velocity distributions for various val--
ues of B are shown in figure 9. Rectangular rather than semilogarithmic
coordinates are used inasmuch as data are not shown for flow close to
the wall; these data are not shown because the distributions were meas-
ured at high Reynolds numbers where the severe velocity gradients and
the presence of the hole in the tube wall make the accuracy of the meas-
urements doubtful.

It cen be seen that the experimentsl and predicted values are in
substantial agreement although there is some scatter in the data. Inas-
much as the experimental distributions were measured in the high Reynolds
number range where the experimental friction factors fell on the pre-
dicted line, the -agreement between the experimental and predicted veloc-
ity distributions might be expected. It appears that measurement of
velocity distributions with heat transfer yields 1little informstion in
addition to that obtained by measurement of friction factors and heat-
transfer coefficients other than possible information concerning changes
in shape of the velocity profile with heat transfer. However, as indi-
cated in figure 10, changes in profile shape should be very small over
most of the tube cross section for the range of values of B obtained
in the tests (0 to 0.028) and probably could not be measured
experimentally.

Temperature Distributions

Experimental and predicted temperature distributions are plotted
in figure 11. Data for temperature distributions close to the wall are
shown only at low flow rates because at high flow rates the severe
velocity and temperature gradients and the presence of the hole in the
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tube wall meke the accurecy of the measurements doubtful. The distri-
butions shown for the region close to the wall may be subject to

errors due to conduction along the thermocouple probe prongs inasmuch

as the velocities in that reglon are very small. Temperature distri-
butions were not measured for high velues of B or of ratio of wall

to bulk temperature because of the delicacy of the temperature probe and
because it appeared that such measurements would not yield appreciable
information beyond that obtained by measuring heat-transfer coefficients
and friction factors at high values of B. Changes in temperature pro-
file shape with heat transfer should be small as in the case of veFoclty
profile (fig. 10).

o>y

It is seen in figure 11 that the experimental temperature distribu-
tions agree fairly well with those predicted except in the low Reynolds
nunber region where transition from turbulent to laminar heat transfer
is taking place. This separation of data from the predicted line at
low Reynolds numbers is not present in the velocity distribution data
given in reference 3, so that it appears that the eddy diffusivities
for heat and momentum trensfer cannot be considered equal in the low
Reynolds or Peclet number range. The eddy diffusivity for heat trans-
fer in this range is probably a function of the thermal diffusivity
k/(pgcp) as well as of the flow conditioms.

Predicted Effect of Varistion of Shear Stress
and Heat Transfer Across Tube

A comparison between equations (7B) and (8B) (=ppendix B), which
take into account the variation in shear stress and heat transfer across
the tube, and the equations: from reference 2, which assume uniform shear
stress and heat transfer, is shown in figure 12 for various values of
the heat-transfer parsmeter B. The Iintersection of the curves for flow
close to and far from the wall is taken at y+ = 30 rather than 26 for
varisble shear stress in order to make the mean deviation of equa-
tions (7B) and (8B) from those given in reference 2 a minimum. It is
seen that the effect of varisble shear stress and heat transfer on the
velocity distributions is small and is probably within the accuracy of
flow and pressure measurements. The effect is greater for heat extrac-
tion (negative B) than for heat eddition to the gas.

Although the preceding calculations were carried out for a Prandtl
number of 1, it is evident that the effects of varisble shear stress
and heat transfer would also be small for a Prandtl number of 0.73.
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Predicted Effect of Molecular Shear Stress and Heat Transfer
in Region at a Distance from Wall

The results of the analysis of the effect of molecular shear stress
and heat transfer in the reglon at a distance from the wall are shown in
figures 13 and 14. For the region close to the wall, the curves were
calcnlated from the equation given in reference 2; for flow close to a
wall for a Prandtl number of 1 and for the region at a distance from the
wall, the curves were calculated fram equations (3C) and (4C) (appen-
dix C). The three experimental constants-involved in the plots are n,
K, and yl+ » @ll of which are determined from experimental data for

adisbatic turbulent flow from reference 3. The values for n and
are taken directly from reference 3, and yl'" is so determined that

the curve for B = 0 agrees with the data for adigbatic fliow. The
slope vy in equation (SC) is set equal to the slope of the equation

for flow close to the wall at yw*+* (v = 0.233 for B = 0.05).

By including the molecular shear stress and heat transfer in the
equation for flow at a distance from the wall, the region of applica-
bility of the Kermén similarity expression is extended from yt>26
to yt>16. At yt = 16, the curve joins smoothly with the curve for
flow close to the wall with no discontinuity in slope, that is, the
eddy diffusivity as determlined from the equations is ‘continuous from
the wall to the center of the tube.

A comparison of the curves plotted with the molecular shear stress
and heat transfer in the region at a distance from the wall neglected
with those plotted with these factors considered in this region is pre-
sented in figure 14. Only a small difference in results is obtained.

As a result of this esgreement, the heat-transfer coefficients and fric-
tion factors will also be unaffected so that the molecular shear stress
and heat transfer can be neglected with good spproximation in the region
at a distance from the wall. Although the preceding calculations were
carried out for a Prandtl number of 1, it is evident that the same
conclusions would hold for a Prandtl number of 0.73.

SUMMARY OF RESULTS

The following results were obtained from the analytical and experi-
mental investigaetion of fully developed turbulent flow and hest transfer
in smooth tubes with veriable fluid properties:

1. Substantial agreement was obtained between experimental and
anelytically predicted heat transfer and friction correlations as well
as velocity and temperature distributions. -
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2. The best check of the analysis was obtained by measurement of
local heat-transfer coefficients. Both the experimental and analytical
results Indicated that, for Reynolds numbers above 15,000, the effects <
of ratio of wall to bulk tempersture on the Nusselt number correletion
can be eliminated by evaluating the £luld properties, including density,
in the Reynolds and Nusselt numbers at a temperature close to the aver- Q
age of the wall and bulk temperatures. In using the preceding result 'g
for calculations, it is importent to use thermal conductivities and :
viscosities both proportionsl to the absolute temperature raised to the
0.68 power and constant specific heat. '

3. The anglysis indicated that the effect of variation of shear T
stress and hesgt transfer across the tube on the veloclty and tempera-
ture distributions for turbulent flow with variable f£luid propertles
is slight.

4. The analysis indicated that the effect of molecular shear stress
and heat transfer in the region at a distance from the wall is slight
for turbulent flow with varigble fluild properties.

Lewis Flight Propulsion Labbratory .
National Advisory Committee for Aeronsutics -
Cleveland, Ohio, October 18, 1851
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

A
C’ Cl

‘v
D

cross-sectiopal area baséd on inside diemeter of tube, sq £t
constants of integration

specific heat of £luid at constant pressure, Btu/(1b)(°F)
inside diameter of tube, ft

exponent that describes variation of viscosity of fluid with
temperature

heat generated in tube, Btu/(sec)(sq £t)
acceleration due to gravity, 32.2 f‘t/sec2

enthalpy, Btu/lb
heat-transfer coefficlent,
4, 0-Tp

. for incompressible fluid, Btu/(sec)(sq £t)(°F)
0"~ . .

mechanical equivelent.of heat, 778 £t-1b/Btu

for compressible fiuld or

thermal conductivity of tube matefial, (Btu) (£1) /(sec) (sq fﬁ)(oF)
thermal conductivity of fluid, {Btu){ft)/(sec)(sq £t)(°F)

thermal conductivity of fluid evaluated at tp,
(Btu)(£t)/(sec)(sa £t)(°F) :

thermal conductivity of fluid eveluated at well,
(Btu)(£t)/(sec)(sa £1)}(°F)

thermal conductivity of fluld evaluated at t0.4,
(Btu) (£t)/(sec)(sq £t)(°F)

heat loss through insulation, Btu/(sec)(sq £t}
constant

total pressure, 1b/sq ft absolute
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static pressure, 1b/sq £t absolute

rate of heat transfer toward tube center per unit ares,
Btu/{sec)(sq £t) :

rate of heat transfer at inside wall toward tube center per
unit area, Bbtu/(sec){sq ft)

perfect gas constant, £t-1b/(1b)(°R)
inside tube radius, £t

outside tube wall radius, £t

inside surface area of tube, sq £t
total temperature, °rR

bulk or average total temperature of fluid at cross section
of tube,

gbsolute wall tempersature, °r
sbsolute static temperature, °R

bulk or average stabic tempersture of fluid at cross section
of tube, °R

£ilm temperature, 0.4(tg -ty) + ty, °R

time average velocity parallel to axis of tube, ft/sec
bulk or average velocity at cross section of tube, ft/sec
fluid-flow rate, 1b/sec

axial distance from tube entrance, ft

distance from tube wall, ft

ratio of specific heats

coefficient of eddy diffusivity for momentum, sq ft/sec
coefficient of eddy diffusivity for heat, sq ft/sec

Kérmén constant

2320
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n ebsolute viscosity of fluid, (1b)(sec)/sq ft

by gbsolute viscosity of fluid evaluated at ty, (1b)(sec)/sq £t
Ho absolute viscosity of fluid at wall, (1b)(sec)/sq ft

Ho .4 gbsolute viscosity of fluid evaluated at by 4, (1b)(sec)/sq £t
p mass densgity, 1b-sec2/ft4

Py bulk or average density at cross section of tube, lb—secz/ft4
Po mass density of fluid et wall, lb-sec?/ft® \
P .4 density of fluid evaluated at ty 4, 1b-sec?/ft*

T ghear estrese in fluid, 1b/sq £t

To ghear ctresg in fluid at wall, 1b/sq ft

Subecripts:

fr on friction-pressure gradient’

mom on momentum-pressure gradlent

Dimensionless parameters:

N/; p
B heat-transfer parameter, EQ___Qéjz
\ cpgfoto
fo friction factor with density evaluated at to, -
) D(dp/dx).,.. . 2T,
2 2
ZooUy POUD
fo.4 friction factor with density evaluated at to.4
. u .
M Mach number, ———
AJTeRt
Nub Nusselt number with thermal conductivity evaluated at 1y,
hD
ky,

Nug Nusselt number with thermal conductivity evaluated at to
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Nuo.é

Pr

Rey,

Re

Reg 4
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Nusselt number with thermal conductivity evaluated at to 4

ng

Prandtl number,

Reynolds number with density and viscosity evaluated at tb 3
PP
My

Reynolds number with density and viscosity evaluated at tj

Reynolds number with density and viscosity evaluated et tO. 4

tube-radius parameter, ———— ry
Mo/ Po
(tn -t)epgty L1-t/t
static-temperature parameter, ° 250 = 5 0
qo’\/;o/ PO
1 b
bulk static-temperature parameter, B - W=
0,

velue of t¥ at wt

T
woleo
Up

o/po

velocity parameter,

bulk velocity parameter,

value of u+ at yl+

du+

ayt

'V;o/po

well-distance parameter, —— ¥
ko/Po

value of y+ at intersection of curves for flow close to
wall and at a distance from wall ’

Q2¢2
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APPENDIX B

ANALYSTS INCLUDING EFFECT OF VARTATION OF SHEAR STRESS AND
HEAT TRANSFER ACROSS TUEE (PRANDTI. NUMBER = 1)

The following analysis was made to determine the effect of varia-
tion of shear stress and heat transfer acrosg the tube on the velocity
and temperature distributions with variable fluid properties. The var-
istions of shear stress and heat transfer in the region close to the

wall are negligible so that only the region at a distance from the wall
is considered.

The relation for the varigtion of shear stress with radius for fully
developed flow is obtained by equating the shear- forces to the pressure
forces acting on a cylinder of filuid of arbitrary radius and differen-
tial length. This relation gives

‘1:\.—_'1:0( -%) (1B) .

The heat transfer per unit area varies in approximately the same
way as the shear stress, although the variation is not linear. For the
purpose of determining the general effect of the variation of heat
transfer, the following relation is assumed:

q=qo( -Z) | ()

To

Substituting equations (1B) and (2B) into equations (1) and (2),
dividing equation (2) by equation (1), and integrating the result

between the wall and a point in the fluid give, for a Prandtl nunmber
of 1,

u .
%0 =ty -t (3B)
cpg’l-'o
or
,—:— =1 - put (4B)
0

With substitution of equations (4), (1B), and (4B), equation (1)
can be written in dimensionless form with the molecular shear stress
neglected as

e S e et e e it
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or
aZut - 1 aut\ (5B)
+2 + \\&"
v '\/ (1-pu*) |1 y—:r
To

where the negative sign was selected in taking the square root in order
to make 1w positive. '

In order to solve equation (5B) let
d.'l.1+ .
—F =V (6B)
dy :

Integration of equation (6B) gives

as +
yh=yt e = (7B)

With substitution of equetions (6B) and (7B), equation (5B) becomes

dv d:

v I
+ v
. (l—Bu"') _ yl _ 1 du
- r *+ r + + v
0 0 Uty

or

(8B)

+ ’ .
u
-x du’
+ + ES
1 -9l - i1 dut
v = vqpe r0+ I'O-T- wt v

0z2¢2
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Equation (8B) can be solved by iteration by substituting assumed values
for ut and v into the right side of the equation and calculating new
values of V. After the relastion between u™ and v has been obtained
for varidus values of B° and rgt, ¥yt can be calculated from equa-
tion (7B). :
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APPENDIX C

ANATYSTS INCLUDING EFFECT OF MOLECULAR SHEAR STRESS AND
HEAT TRANSFER IN REGION AT A DISTANCE FROM WALL
(PRANDTL, NUMBER = 1)

The effect of the molecular shear stress and heat-transfer terms
in equations (1) and (2) on the velocity and temperature distributions
is investigated in this section.  When these terms are retained, the
relation between temperature and velocity is given by equation (43) as
before. Equation (1) becomes, when written in dimensionless form for
flow at a distance from the wall (Pr = 1),

d & ® (du
1= (1-put) d‘;+ ( édy) —3 (1c)
(1 - put)(d wt/ay*™)
For solving this equation let
+
gﬁ; =V (2¢)
Then
d2u+ _av - av
dy+a ay* = aut

v

As a result of substitution of these quentities in equation (1C)

S
v

ut

- ke &
AL - (- pat)3v](a- put)

As in equetion (18) the negative sign was selected in taking the square
root. Integration yields

ut

aut

Jut AE- G- oo - )

(3c)

2520
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where the subscript 1 Iindicates that the values of ut and v are
at the lowest value of y+ for which the equation applies. By assuming
values of Vv corresponding to values of ut and then calculating new
values of v Dby numericeaelly integrating the right side of the equation,
eiuation (3C) cen be solved by iteration. After the relation between

u’ and v has been obtained from equation (SC) , the relation between
ut and y' can be obtained by integrating equation (2C) as follows: ’

ot -
. P
+ oyt du_
et LT (4c)
U1

where yl"' is the lowest value of y+ for which equation (lC) gapplies.

REFERENCES

1. Humble, Leroy V., Lowdermilk, Warren H., and Desmon, Leland G.:
Measurements of Average Heat Transfer and Friction Coefficients
for Subsonic Flow of Alr in Smooth Tubes at High Surface and Fluid
Temperatures. NACA Rep. 1020, 1951. (Formerly RM's E7L31, ESLO3,
ES0E23, and ESOH23.)

2. Deisgler, Robert G.: Analytical Investigation of Turbulent Flow in
Smooth Tubes with Heat Transfer with- Variable Fluid Properties for
Prandtl Number of 1. NACA TN 2242, 1950.

3. Deissler, Robert G.: Analytical and BExperimental Investigation of
Adigbatic Turbulent Flow in Smooth Tubes. NACA TN 2138, 1950.

4. Bernardo, Everett, and Eian, Carroll S.: Heat-Transfer Tests of
Aqueous BEthylene Glycol Solutions in an Electrically Heated Tube.
NACA ARR ESFOQ07, 1945.

5. Deissler, Robert G.: Anelytical Investigation of Fully Developed
Leminar Flow in Tubes with Heat Transfer with Fluid Properties
Variable Along the Radius. NACA TN 2410, 1951.



Variable yariable
Wattmeter transformer tranaformer Wattmeter
[ N | G 2008-v51t ® G 1 [T 1 Itl
80-cycle
Bupply
=
l Test section
® gy umdhniiyuiyn Syl Sugliagy '-._"'_____"'_"_'_::-.___-_.__._.. l ) o I |,T
Inlet Voltmeter | outlet wirlng
mixing tank tank
L
T Wattmeter
Ammeter —
C)j -
2 RRCAReR R R4 d
a8 300 ] [

208-volt
BO-cycle

Control
valves

/ I e e o @ F-4 ¥ F-
Burge \ YT Y
tank
X Thermocouple Power transformer
Y \ @ Valvae

Autotransformer Supply

I =— |
1

=1 L

Ad aa_
FL ¥ e

dryer f1lter

S rury ——

Orifice
selactor valuas _

Figura 1. - Schematic diagram showlng

arrangement of spparatus.

022

4]

6292 WL VOVE



S 2320 i

Distance between thermocouples
Electrical connector flanges

87" =
In Tube for entrance of total-temperature and total- E
57 pregsure probes. 0
- -: :4— a—i‘ Distancs botween statlc-pressmre taps 50 [ Guara 8
Ellﬂi‘d mn I—-h' xn :4_ &N -de— g U -nr_ gn _*_ g ‘H‘_S" —ih-G"—Dh- & —tdo~ ' g" —DL:)— Gt —bt::- gn —:J'a- ah '—+—6" | %'Hr_-n heatear g
heeter : i ! ! i i i ; (el coils
colls J | : l l I | | | : ] i | ] l_ )
| | I I I l"l 0.D. Inconel tuba [ h I [ | I ©.87" I.D.
by 1o | | ! ' /— | | | |
b Voo 1 o » 1w ¥ . o o [T ) S VI W'Y o] ]
- c T ——— % : - I
el 1 ] 1 T T 1 ] L',
*%T%ﬁT%”Tﬁﬁﬁﬁ““*ﬁﬁTﬁ”" :
2-;' 4

Transformer leads

0.15"

1

Tube wall—E\ E
LAV RRVARRRRRRRINRRRRRY

{b) Location of total-pressure probe
in tube.

Flgure 2.

(a) Teat section.

X Thermocouple

—1 f—o.15"

i i

ube
0.07“ —=
ANEARERARANARARARANIN .
(e) Location of total-temperaturs
probe i_n tube.

TNAGRT

- Test section end probes.

1€



32

HNACA TN 2629

_ -WL
—Fa-g-5-2-8 m ;
UL . 3
NNNMWA! m
WL i
A m
AY /f / LY m .m
/.,/./ / / / ...m
////// / m
ALY J
AN :
////Wy/ M_
\
LARAN \ o
L\ .
ANNY g
4%/ :
| 5
AN :
— ;i
B ;i
\ %
\ %
o

0222



2320

NACA TN 2629

33

10,000

<

W \
AW \
AN \ 1\
AR

AL

Ll L
-

]

+

- Predicted generallzed velocity distribution for flow of gases with heat asddition at Prandtl mmber 0.75.

1
Figure 4.

29

[
01

10

g i e s e = ey e - -



1000

.04'05

.03

onpo

P
0.008-0.009

014~
.018-
.022-

015
Q25
028

to/t,

1.
L.
1.
1.

1-
2=
A=
B

=P e

@ -1 B

NN

3 \\\\

145

Pradicted lines

2l

A

N\

b4

].C )
1000 10,000 100,000 . 1,000,000 2,000,000

Figure S. - Varistion of Musselt oumber with Reynolds number for flow of air with heat addition and properties aveluated at statie bulk
temporature. Prendtl nusber, 0.73.

e B} . e 02ce

8392 NI YOVH



2320

600
[TT1] ] L
P o
& 0.006-0.009 1.1-1.2 //::-0-?5
o A .0l4- .015 1.2-1.4 S 08
O .018- .023 1.4-1.7 7 e
o .022- .02% 1,5-1.9 L]
Predicted lines //f/
Py ” )
v
e 'Qé ]
1 /;;::/,
g Lk
/’\)
29 “ !)
(T
®
1050 10,000 o 160,300 .
p
Reg = O“Q )

Flgure 6. - Variation of Kusselt number with Reynolds ntmber for flow of air with heat addition apd

properties evaluated at tube-well tempersture.

Prandtl number, 0.73.

300,000

NI YVOVE

Ll

629

53



ook

B

0.008-0.009"

.0l4- .01B
.018- .023
022~ .028

td%

Pradicted line

10,000

REO--‘

n . D
- Q.4 Tb*
Ho.4

100,000

Figure 7. - Variation of Russelt number with Reynolds number for £low of air with heat addition and properties evaluated

at t

0.4 = 0.4 (t5-ty) + . Prandtl mumber, 0.73.

02g2

9

6292 KL VOVH



e e et ——

pzege

.02
B
0\
\-05
.01 e
== |HY 7
~ A%
oy
47
5l
(] v 0 1 L
g A 0.014-0.015 1.2-1.4 —
~ [n] .018- ,023 1.4-1.7
O .023- .028 1.5-1.9
Predicted lines
owl L I
1900 10,000 . 100,000 600,000
Py 4 WD -
Reg 4 = 0':;:

Figure 8. - Variation of friction factor with Reynolds nuntber for flow of alr with heat a.dditiou and, proparties ava.luated

at t

0.4 = (to tb) + t'b Prandtl number, 0.73.

6292 EBL VIVE

Le



[¢] 0 B
a 015 ,
O 023
A .028 B
25 Pradicted lines L +—010
(o] f———
ol © Q_,_E_-o—t:-—q"
="
5 | L — .02
[*] -— e im]
O/D |1 ] <>A a & 2 A o4
20 . " X A FAY ——
Pe o gl R I e
P s _//
R IS //
15
| 174
' ﬁ
+y (
10
[ T
1 ;j 1
o] 500 1000 1500 2000 2500
J . "'Ofpo v
Flgure 9. - Generalized velocity distribution for flow of sir with heat addition. Frandtl number, O.75; Reynolde numbers for
A d.ﬂ.t-ﬂ., 100,000“250,000-

022

8g

6292 ML VOVE



2320

NACA TN 2629

39

1.3
P to/ty
* L~ - /003 2
1 —1T 1 05 45
‘,/"———”—*—"f’——'r____
L
1.0
/
e ///
. .8

2 /
ol |5
O |
olo
—~|O
=i '
'3 4
83 6N
1M

.4 —

.2

S NACA~
I
0 .2 .4 .6 8 1.0

Distance from wall ¥y

Inside tube radius’ T -

Figure 10. - Predicted effect of heat transfer on shape of velocity pro-

file.

Tube-radius parsmeter r +

o) J

2000; Prandtl number, 0.73.



30
B
25 = Q
A Ao
Ra j//
A 8,100 /
o 10,000 »
20 g 12,800 AR
15,000 g Periany
— b 17,000 i:.’gb‘- d%fﬁ%
4 19,000 w I
#|£ 4 38,800 hgo%
: 9 45,400 \ h 04493 :
s 15 A 63,500 . Py
~la v 77,000 N F{F
I Prﬁir::.;:od A %Bﬁ; L
*’ A
10 N S
D&
¢
|
] lote
k) D L L
r/,/’
L] i
_’___,,.;f"”’ . G
o I 100 1000 ——""""15,000
’ . V To/rg
@F’O ¥

Figure 11, - Geueralized temperature distribution for flow of alr with low rates of heat eaddition., Prandtl nuwmber, 0.75;, § for data,
0.0075-0.0095; toltb for data, 1,1-12.

* ’ 02ge

oy

6292 NI VOVN



e e e ———— e

ture distributions of gases.

Prandtl nuber, 1.

35 —
v" T,
8 27 ene
B Ve
0.05///
7
%0 //
Shear etrass and heat A
transfer per unit ares J,’;#éy’
Varieble d
a1 5000
N —=w— Uniform /:C 1000 %7€
L2
500
, % L1000
i 2
#le //[ #2500
' 20 -
~ / / .08 L =r=T'5000
oo f‘f/ /‘
¥ P ¢ __:_g_—:a:ilooo
*s Pz ‘P‘afﬁsoo
15 4/ o
: | = [
// 1T
o //)/l/
[
= I:o d l// .
'7' 10 /‘/
l /
+
i A
. //
A
5 2
/ . -
~—’—”",,~f”(/”
o} : 10 100 1000 10,000
" _Vo/ro ]
HolPo )
Figure 1Z. - (urvea showing predicted effect of variation of shear stress and heat tranafer acroés iube on velocity and tewpera-

A9

6292 NI VIVH

5



36

30

ab

20

rut or ¥

15

=
(]

B m - 0.05 /
//
/ ¢
/ g
A
P <
/ //'ﬂ
// |
d plutyt  awt | ] Dt A, _kE (awtjaght
(l - Bu+) ::+ T]-_BuL"-) d; -l | (l ﬂl.l+) Oy + 3 - B.|_|_+ (dau"'/d:y'" )
A —— -
/T
n= 0,108 I K= 0,36
d= ,58 . | 4 = .68
|
v i
/ I
' | e
10 71+ po—r— 1000 6000
+ ‘\110/”0 v
“o/"o

HMgure 13, - Gensralized velooity or temperature distribution for turbulent flow of &eses with heat tranafer, variable fluid
properties, and meoleoular shear stroos anl heat transfer considersd in region at distapce from wall. Pra.nitl nurber, 1,
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Flgure 14,

- Ourves showing effect of neglecting molacular phear strsss and heat transfer in

Ma ¥
Ho/og

reglon at distance from wall.,
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